Progress in Interferometric Rayleigh Scattering to Measure Fluctuations Spectra of Velocity and Temperature in High Speed Flows by Panda, J. & Nguyen, M.
1 
 
Progress in Interferometric Rayleigh Scattering to Measure Fluctuations Spectra of 
Velocity and Temperature in High Speed Flows 
 
J. Panda* 
NASA Ames Research Center, Moffett Field, CA 94035 
 
M. Nguyen 
Aerospace Computing Inc., Moffett Field, CA 94035 
 
A new, spectrally-resolved, Rayleigh scattering setup at NASA Ames is further developed to measure 
fluctuations in velocity and temperature. Using a combination of a continuous-wave laser, a stabilized 
Fabry-Perot interferometer (FPI), an EMCCD camera, and a photo-multiplier tube, the setup was 
demonstrated to provide fairly accurate measurements of time-averaged velocity, temperature, density and 
spectrum of density fluctuations in a high-speed free jet (Panda & White, 2018). This paper describes 
further progress in fast measurement of the Rayleigh-Brillouin spectrum via a 16-anode linear-array of 
photo-multiplier tube and a multi-channel, photo-electron counter. Rayleigh scattered light from a 0.4mm 
long probe volume was directly imaged through the FPI and was imaged on the linear array. Synchronous 
photo-electron counting over a series of short, contiguous gates provided time-evolution of the fringes at a 
10 kHz sampling rate. Sample spectra collected from a Mach 0.98 jet show spectral content floating on high 
noise-floor. Efforts to collect longer time series of data and different schemes of extracting velocity and 
temperature information are now in progress.  
 
Nomenclature 
ɑ: most-probable sound speed λ: wavelength of incident light 
d: distance between mirrored surfaces of Fabry-Perot θ: incidence angle of a ray on Fabry-Perot mirror  
ff: focal length of fringe-forming lens : refractive index of Fabry-Perot cavity 
h : slit height η: coefficient of dynamic viscosity 
I: light intensity s : scattering angle 
k: wave number χc, ζc : center of fringes in Cartesian coordinate 
kB: Boltzmann constant ρ: density 
M: Mach no Superscript/ Subscript 
m: molecular mass s: scattered vector  
n: molecular number density i: incident 
N: finesse of the Fabry-Perot interferometer R: Rayleigh 
P: pressure LAP : linear array of photomultiplier 
p: photo-electron count cam: camera 
R: universal gas constant/molecular weight ref: incident laser (reference) light 
r: radial distance in the Image plane Ral: Rayleigh scattered light 
S: Spectrum mod: modelled distribution 
T: Temperature 0: incident light, plenum condition 
t: time P: particle scattered light 
U: bulk velocity of the fluid, axial component B: Background white light (and noise) 
V: molecular velocity D: Doppler shift 
w: width of PMT sensing area amb: ambient condition 
x: non-dimensional frequency  
y: parameter used in Tenti S6 model Acronyms 
ℓ: molecular mean-free-path RB: Rayleigh-Brillouin 
Λ: wavelength associated with scattering wavenumber FPI: Fabry-Perot interferometer 
γ: ratio of specific heats CW: continuous-wave laser 
ω: circular frequency IS: integrating sphere 
: phase difference created by Fabry-Perot cavity PMT: photo-multiplier tube 
____________________ 
*Associate fellow, AIAA 
 
https://ntrs.nasa.gov/search.jsp?R=20200000326 2020-03-11T13:30:02+00:00Z
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I. INTRODUCTION 
 
Turbulence fluctuations are responsible for drag, sound generation, flutter and vibro-acoustic response of 
aero-space vehicles, and combustion and mixing in energy-conversion devices. Although many aircraft and 
spacecraft fly at supersonic to hypersonic velocities, and supersonic wind tunnels are in existence for nearly a 
century, experimental tools that can measure gas properties at this speed are few, and tools to measure turbulence 
fluctuations in velocity, temperature and density are rare or nonexistent. The lack of experimental data is typically 
bridged with computational fluid dynamics. However, the computational codes require experimental data for 
verification and validation. Currently there exists a serious lack of such data. Almost all unsteady measurements 
in high-speed wind tunnels come from surface-mounted dynamic pressure sensors, which cannot provide any 
information about the flow-field. The equivalence of a hot-wire anemometer is hard to find for transonic and 
supersonic flows. In addition to velocity, compressible flows require measurement of scalar parameters, such as 
density and temperature. Specification of the turbulence statistics require time resolved measurement of velocity, 
temperature and density. The advancement in turbulence modelling require information on the joint statistics of 
<U>, <pU>, <TU> correlations which are unmeasurable. The large number of transonic, supersonic and 
hypersonic wind tunnels, as well as various nozzle and plume testing facilities can reap the benefit of an 
experimental tool that can measure such turbulence statistics. The spectrally-resolved Rayleigh-scattering based 
technique described in this paper was developed with the intention of bridging these gaps. 
 
 
Fig 1. Principle of Rayleigh scattering technique, (a) schematic representation; (b) superimposed Fabry-Perot 
images from the present setup, U=60m/s, T=295K (c) U=313m/s, T=249K. 
A simplistic description of the measurement process using spontaneous Rayleigh scattering is 
schematically shown in Fig. 1(a). The electric field of the incident laser light polarizes individual gas molecules, 
which in turn scatter a very small part of that light. The total scattering intensity is directly related to the number 
of gas molecules in the probe volume, and thus to the bulk density of the flow. Airflow, such as that in a wind 
tunnel, can be thought of as a combination of a bulk motion at the measured Mach number plus a superimposed 
random velocity of the individual molecules. The moving gas molecules create a Doppler shift in the scattered 
light; as a result the Doppler-shifted scattered-light is spectrally broadened with a distinct peak. The separation 
between the peak of the incident laser line and the peak of the Rayleigh spectrum provides a measure of the bulk 
velocity. The full width at half maximum (FWHM) of the scattered light spectrum depends on the spread of 
molecular motion and therefore is a measure of gas temperature. Because the Doppler shift is on the order of 109 
Hz - far smaller than the optical frequency (5.6x1014 Hz), there is a need to use a narrow linewidth laser source 
and a hyperfine spectroscope, such as a Fabry-Perot interferometer (FPI). Figures 1(b) and 1(c), obtained from the 
present work, succinctly describe the “spectrally-resolved” technique. The narrow linewidth of the incident beam 
created the bright Airy rings - seen as white concentric circles - after passing through the FPI. An FPI radially 
(angularly) distributes light based on its frequency. When the Rayleigh scattered light is passed through the 
interferometer, the thermal broadening (associated with the random molecular velocity) manifests as radial 
smearing, and the Doppler shift from the bulk velocity manifests as a radial shift from the laser line. In figures 
1(b) and 1(c) the Rayleigh image is in false color - white-orange as the max intensity falling to green-blue and the 
minimum is in black. A closer examination of figures 1(b) and 1(c) shows an inward shift of the Rayleigh image 
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as the air velocity was increased from 60m/s to 313m/s (the associated temperature change was small). In order to 
measure the turbulence fluctuations of velocity one needs to be able to measure the shift with high accuracy and 
with a fast sampling rate. For the case of a large change in temperature at a fixed velocity (not shown) the peak of 
the Rayleigh image will be fixed while the extent of radial smearing will change. The goal of the present work is 
to measure such variations of the Rayleigh image at a fast sampling rate, and the extraction of velocity and 
temperature information from each of these images. 
 
 
Fig 2. Use of the 16-anode, linear-array PMT for fast measurement of Rayleigh spectrum. 
The means to achieve this goal, reported in this paper, is to perform time-resolved measurement of the 
Rayleigh images using a 16-anode linear-array PMT. Figure 2 shows a schematic of the linear-array 
superimposed on a Rayleigh image. Synchronous, photo-electron counting over contiguous, short gate-times is 
employed to gather instantaneous distribution of the light intensity. A calibration procedure is used to extract 
velocity and temperature information from each such distributions. Various schemes to reduce the impact of 
heavy contribution of the electronic shot noise are also discussed. 
The use of a Fabry-Perot to determine the Doppler shift from seeded air-flows started long ago with the 
advent of the Laser Doppler Velocimetry (LDV). The Doppler shift from the passage of individual seed particles 
can be determined from a spectroscopic arrangement. Paul & Jackson (1971) proposed to use a specialized mask 
at the image plane to monitor the fluctuations in the Doppler shift caused by turbulent flows. Avidor (1975) 
designed such a mask and demonstrated time-dependent measurement velocity fluctuations in a high-speed jet. 
The passage of particles at irregular time intervals, and the very use of the seed particles made spectral 
measurements using LDV difficult. Seasholtz et al (1999, 2000, 2001) introduced time-resolved measurements of 
velocity using molecular Rayleigh scattering that did not use any seed particles. The first attempt by Seasholtz 
and Panda (1999) split the directly-imaged probe volume into two parts using a mask and measured the ratio of 
intensities using 2 PMT. All of the subsequent attempts used optical fibers to transmit light to a remote setup that 
used a large diameter Fabry-Perot. The circular image of the fiber face was imaged on an 8x8 multi-anode PMT 
by Seasholtz & Panda 2000. The analog output was measured and processed using an artificial neural network to 
extract velocity and temperature information. The system had a limited dynamic range. Subsequently Seasholtz, 
Panda & Elam (2001) returned back to the original idea of splitting the Rayleigh image (albeit for the circular 
fiber face) into two parts by two concentric mirrors (image dissector), and the ratio of light intensities from the 
inner and the outer parts was measured using two PMT. The ratio of photoelectron counts carried information 
about the ring diameter variation in the Rayleigh image. A calibration in a known flow field was necessary to 
relate intensity ratio to air velocity. Panda, Seasholtz and Elam (2005) used such a setup to measure velocity 
fluctuations in a supersonic jet and identified sources responsible for noise generation.  Mielke et al (2009) further 
refined the setup and split the Rayleigh image into 4 parts via an assembly of 4 concentric mirrors, and used four 
PMTs to measure the intensity variation in each annulus. A Maximum Likelihood Estimation analysis was 
performed on the collected data from every time instances to determine time-evolution of velocity and 
temperature. They used the setup to determine various statistics from heated, high-speed jets. Recently Chen et al 
(2017) used an EMCCD camera to measure time variation of the Fabry-Perot fringes at a high frame rate. The 
spectra of velocity fluctuations measured by this setup appears to be dominated by shot noise. 
 
Ia. Rayleigh-Brillouin (RB) spectrum: 
 The physical basis for light scattering by gas molecules is well-established. A rigorous analysis via linearized 
solution of the Boltzmann equation shows that at ambient condition the Rayleigh- Brillouin spectrum can be 
completely expressed by the non-dimensional frequency, x, and the y-parameter. Therefore, the final Rayleigh-
Brillouin spectrum used is expressed as SR(x, y). The parameter x represents the Doppler shifted frequency ω 
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normalized by a frequency associated with the scattering by the most-probable speed a of the gas molecules, and 
the scattering vector k.  
x =
ω
ka
                                                                                                                                                                                        (𝟏)  
The y parameter is related to the local pressure P, and the coefficient of dynamic viscosity η:  
y =  
P
ηka
                                                                                                                                                                                    (𝟐) 
Like many other works before, the present paper uses Tenti’s S6 model (Tenti et al 1974, Boley et al 
1972). Note that the Doppler shift from the bulk velocity and the spectral broadening due to temperature variation 
are embedded in the variable x; the variable y is also dependent of temperature and pressure. Therefore, the RB 
spectrum changes with U, T, ρ: SR(x, y) = SR(U, T, ρ). 
 
 
Fig 3. Schematic of imaging through a Fabry-Perot interferometer. 
 
Ib. Fabry-Perot Interferometer 
Fundamentally, an FPI acts as a light filter whose transmittance is dependent on the frequency f of the 
incident light, the angle θ of the incident light with respect to the optical axis, the refractive index  in the 
medium between the two reflective surfaces, and the separation d between the surfaces (Vaughn 1989) (Fig. 3). 
The latter two are fixed for the imaging mode of operation used in this work, leaving angle θ and frequency f as 
the dependent variables. Because frequency is defined via the x parameter (eq. 1), the following discussion is to 
establish the light intensity distribution (the instrument function) as functions of θ and x: IFP(θ, x). Like many 
other optical calculations, the clue needed to model the instrument function is to follow the phase of the light 
waves. For a fixed frequency light arriving at an incident angle of θ (Fig. 3), the successive reflection in the two 
mirrored surfaces creates a phase difference , which, using the small angle approximation, can be expressed as 
the following: 
ψ =
4πμd
λ
cosθ ≈
4πμd
λ
(1 −
θ2
2
)                                                                                                                                (𝟑) 
When transmitted light of all different phase angles are summed via the fringe-forming lens, the intensity 
pattern of the camera image is the Airy function: 
IFP(ψ) =  [1 + (
2Ν
π
)
2
sin2
ψ
2
]
−1
                                                                                                                                   (𝟒) 
where, N is the interferometer finesse that determines the sharpness of the filter roll-off (a higher finesse translates 
into a sharper roll-off). An incorrect finesse value affects the measurement accuracy; therefore, finesse needs to be 
continuously monitored during the course of an experiment.  
         An examination of equation 3 above shows that for a fixed setup, and a fixed optical frequency (wavelength) 
the optical phase ψ varies with the angle θ of the incident light. The incidence angle θ for a point at a radial 
distance of r from the center of the image can be determined by an accurate knowledge of the focal length ff of the 
fringe forming lens and the refractive index  of the etalon or the gas medium in between the reflecting surfaces: 
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θ ≈
r
ffμ
                                                                                                                                                                                 (𝟓) 
Because light from different parts of the imaging area make different  angle with the optical axis, the variation in 
, and in turn , occurs concentrically from the optical axis. Therefore, by equation 4 a single frequency light is 
imaged as concentric rings at the image plane. Consecutive bright rings represent a phase change of 2π.  
 The first step in modelling the measured image is identifying the phase ψ distribution. The absolute value 
of phase change through successive reflections in the FPI cavity is very large, which necessitates a description 
based on a relative phase change. Note that the peak locations of the interference patterns correspond to a phase 
change of 2π. If the phase of the innermost ring corresponds to an incidence angle of θp, then the relative phase 
variation over the image can be written as the following:  
ψ =
4πμd
λ
cosθ ≈
4πμd
λ
(
θp
2 − θ2
2
)                                                                                                                                 (𝟔) 
The discussion so far described the filtering characteristics based on the angularity of a fixed-frequency, incident 
light. Light waves with frequencies different from the incident beam introduce additional phase change. This 
change is measured as a relative change from that of the incident light and is expressed through the x parameter 
described earlier (equation 1). The phase change due to the combined angularity and frequency difference is 
ultimately the relationship of interest: 
ψ(x, θ) =
4πμd
λ
(
θp
2 − θ2
2
+
λax
cΛ
)                                                                                                                                  (𝟕) 
The resulting intensity distribution used for modelling the Fabry-Perot images is stated earlier in equation (4). 
II. EXPERIMENTAL SETUP 
The central element of the optical setup (fig. 4) was a CW laser beam that passed through the clean-air stream. 
The 532 nm, single-mode, incident laser beam for the optical setup was produced from a frequency-doubled, 
Nd:YVO4 solid state source that emitted a maximum of 6.5W power. The vendor provided a specification of 
5MHz for the linewidth. The laser beam was focused to a 0.15mm waist at the probe volume. Because Rayleigh 
scattering is strongly dependent on the polarization direction, the axis of the plane polarized incident beam was 
set vertical for maximum scattering towards the collection lens. The molecular scattered light from a small region 
on the beam was collected for spectral analysis. The collection optics were made of a pair of 75mm-diameter 
achromatic lenses that focused the scattered light on a 0.67mm wide slit. The slit also blocked stray scattered light 
from entering into the spectroscopic part of the setup. Baffles and curtains were placed around the PMT, and the 
spectroscopic setup to further reduce contamination from stray light. 
 The scattered light imaged through the slit was first collimated by a 50mm f/2 achromatic lens. 
Subsequently a small amount, ~10%, of the collected light was split and focused onto the photo-cathode of a 
PMT. The photo-electron counting was performed by a commercially available discriminator-timer-counter board 
and software (P7882 Multiscaler by Fastcomtec). To measure the time evolution of the density fluctuations, 
counting was performed on contiguous gates, each typically of 10micro-s duration.  
The majority (~90%) of the collected light was passed through air-spaced, planar, 30mm diameter, 90 % 
reflectivity FPI mirrors with a free-spectral range of 8GHz. The optical cavity of the stabilized Fabry-Perot, 
supplied by Lightmachinery, was actively controlled by three piezo-scanned support points and three strain 
gauges that provided position sensing. Once aligned, the closed-loop control maintained the parallelism of the two 
mirrors through extraneous environmental factors such as thermal drift, vibration and noise. This was particularly 
beneficial for long-duration data collection, and eliminated the need for any manual adjustment. The actively-
controlled interferometer simplified the day-to-day alignment such that the laser can be turned on, and nicely 
formed fringes with no degradation of the finesse can be readily visible.  
There were two different paths for the light out of the Fabry-Perot to follow. When the 45 turning mirror 
is retracted (using a linear actuator) the light was imaged through a 300mm focal length fringe-forming lens on a 
low-light, cooled, EMCCD camera. The camera setup provided measurements of time-averaged velocity and 
6 
 
temperature. However, when the turning mirror was placed on the light path, the long focal length lens L7 and the 
mirrors M2 and M3 imaged the light on the linear array of photo-multiplier tube. The lens L7 was made of a 
400mm focal length achromatic convex lens and a -500mm focal length concave lens with adjustable separation 
to achieve the desired magnification. The lens system ultimately magnified the small probe volume to the total 
length of the PMT array. The PMT array provided by Hamamatsu had 16 anodes spaced 1mm apart, each of 
dimension 0.8mm x16mm. The dead region between adjacent anodes was 0.2mm. The vendor specified quantum 
efficiency of the sensors was around 17%. A 2.5mm wide slit was placed in front of the array to allow 
measurement of the central strip of the circular fringes. The width was sufficient to allow the Rayleigh probe 
volume to be imaged on the array face. The direct-imaging setup made an efficient use of the scattered light. 
 
 
Fig 4. Schematic of the optical setup to measure time-averaged, and unsteady fluctuations of velocity, 
temperature, density from a high-speed jet. 
 
For the alignment of the spectroscopic setup and for determining the instrument function, a small part of 
the incident laser light needed to be passed through the interferometer. To achieve this goal, a small fraction of the 
incident light was separated out via an anti-reflection coated window placed before the primary beam dump. The 
intensity of the light was further reduced via a polarizer (see the part of the setup around the beam dumps in Fig 
4) and then coupled to an optical fiber, which passed it to an integrating sphere (IS). The IS was mounted on a 
linear actuator, which allowed placement of an opening of the IS in front of the slit. When the IS was placed in 
front of the slit, the Rayleigh scattered light was blocked and the reference light from the incident beam passed 
through the interferometric setup. The polarizer placed on the path of the reference light allowed variation in the 
amount of light transmitted to the FPI setup. A relatively larger amount of light was needed for the alignment of 
the FPI, while a much lower intensity light was needed to determine the instrument function. By rotating the 
polarizer (PR of Fig 4) either very small or fairly large amounts of light could be coupled and passed through the 
FPI setup. The light out of the IS needed to be converged and focused at the slit. The converging angle, i.e., the 
numerical aperture, needed to be approximately matched to that of the collection lens L3. This necessitated the 
use of two lenses L7 and L8, which were placed after the IS opening.  
  
Flow facility: A small, unheated, supersonic jet facility was built to validate the Rayleigh setup. The 10mm-
diameter convergent nozzle was supplied with clean, oil- and particle-free air. A compressed air supply was 
connected to a settling chamber where four sets of perforated plates and screens were used to improve the flow 
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quality. A large contraction section further improved the flow quality. The supply pressure was sufficient to 
operate the nozzle up to a fully expanded Mach number of 1.5. The 50mm diameter plenum chamber was 
equipped with a static pressure port to measure the plenum pressure, and a thermocouple to measure the total 
temperature. The nozzle facility was mounted on an X-Y traverse. The probe location was kept fixed, while the 
nozzle was moved for plume survey. To reduce particle contamination via entrainment of the ambient air a clean, 
co-flowing stream was created via a second blower connected to a HEPA® filtration system. The low-speed, co-
flowing, clean air kept the entrainment air to the primary stream particle-free and allowed for measurement over a 
longer region of the plume. 
 
 
Fig 5. (a) Fabry-Perot fringe on EMCCD camera due to the incident laser beam - part of the image used for model 
fit is shown by the chained line; (b) horizontal and vertical cut-outs through the measured (symbols) and modelled 
(line) images; finesse: 24. 
 
Fig 6. (a) Fabry-Perot fringe on EMCCD due to the Rayleigh scattered light - part of the image used for model fit 
is shown by the chained line; (b) horizontal and vertical cut-outs through the measured (symbols) and modelled 
(line) images. U:313 m/s, T:247K. 
 
IIa. Modelling of the camera images 
The interferometric measurement was made of two sets of process. The first set was to measure time-
averaged velocity and temperature via the EMCCD camera, and the time-evolution of density fluctuations using 
the single PMT. The second set was to measure fluctuations spectra using the linear array of PMT. Each set 
involved measurement of the reference spectrum from incident laser beam, followed by a measurement of the 
Rayleigh spectrum.  Modelling of the camera images to extract time-average U & T were described earlier (Panda 
& White, 2018) and will be described in brief. The first step in the sequence is to determine the FPI instrument 
function, for which the Rayleigh-scattered light was blocked, and a tiny amount of the incident laser light 
(reference light) was passed through the FPI setup via actuating the IS. This provided the reference image Iref (fig. 
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5a). During the next step, the IS was moved out and the Rayleigh-scattered light was imaged through the FPI, 
providing the Rayleigh image IRal (fig. 6a). Accordingly, there were two parts to the modelling: extracting the 
instrument function IFP (equation 4) from the Reference image and using the instrument function to extract the 
Rayleigh-Brillouin spectra SR(x, y) from the Rayleigh image. For processing the time-averaged images from the 
EMCCD camera a nonlinear least-square curve fit was used that minimized the difference between the measured 
image and the modelled image for a selected set of parameters. Because the images were made up of a set of 
pixels i = 1, 2, 3, … npix, the modeling was performed for all such pixels, and the least-square was calculated as 
the norm of the differences between the measured and the modelled images. To determine the angle θi created by 
each pixel to the optical axis, the center of the fringes in Cartesian coordinate (χc, ζc), and the radius rp of the 
innermost fringe needed to be determined. Therefore, parameters extracted from the reference image are χc, ζc, rp 
and the finesse (N) of the interferometer. The model for the reference image included the magnitude of the peak 
transmission I0 multiplied by the transmission function of equation (4), a constant background IB to account for 
the camera read noise, and noise from spurious sources. 
Ii
Ref−mod(χc, ζc, rp, N) = I0IFP(x = 0, θi) + IB                                                                                                        (𝟖) 
The least-square minimization was performed via the Matlab® routine “lsqnonlin” applying the 
'Levenberg-Marquardt' algorithm. The iterative procedure minimized the difference between the measured and the 
modeled intensity distribution for six parameters, χc, ζc, rp, N, IB and I0: 
min
χc,ζc,rp,N,I0,IB
( ∑(Ii
ref − Ii
Ref−mod)
2
npix
i=1
)                                                                                                                     (𝟗) 
Figure 5 shows a reference image, and the model fit to determine the instrument function. Only a small, 
circularly-cropped region around the central fringe, shown by the dotted circle, was used to determine the 
instrument function. The use of the small region limited the length of the probe volume. The measured finesse 
was as expected from the manufacturer’s specification. The stability of the fringes is critical in reducing the 
uncertainties associated with the dynamic measurements. Therefore, the fringe radius was monitored before and 
after Rayleigh images were measured. As mentioned earlier the actively controlled FPI nicely compensated for 
the thermal drift. The stability of the laser line was also found to be excellent after a few hours of warming up. 
Any small drift in the fringe radius was corrected by slightly adjusting the voltages to the three piezo elements of 
the FPI.  
After collection of the reference image, the Rayleigh image was analyzed. Note that the frequency 
spectrum measured by the FPI was a convolution of the actual Rayleigh scattering spectrum SR(x,y) and the 
characteristics of the FPI filter represented by the instrument function IFP(x,) determined above. In the absence of 
all extraneous light and noise sources, the light intensity measured by the ith pixel in the image can be expressed 
by the following expression where IR(i) is the intensity due to the Rayleigh scattered part of the light: 
Ii
Ral−mod(U, T, ρ) = IR ∫ SR(x, y) IFP(x, θi) dx
∞
−∞
                                                                                   (10) 
The Rayleigh spectrum SR(x) for a fixed composition of gas is a function of the flow velocity U and temperature T, 
which were iteratively adjusted to minimize the difference between the measured and the modeled images. Once 
again, the Matlab® routine “lsqnonlin” with the option of the 'Levenberg-Marquardt' algorithm was used for this 
purpose: 
min
U,T,IR,IP,I0,IB
( ∑(Ii
Ral − Ii
Ral−mod)
2
npix
i=1
)                                                                                                                          (𝟏𝟏) 
A typical Rayleigh image is shown in Fig 6. While the reference image of fig (5a) was made of concentric 
circles, the Rayleigh image appeared as fragmented parts of a line. Light from the integration sphere, used for the 
former, made a circular spot on the slit, while that from the Rayleigh scattered light was imaged as a line that 
corresponded to the shape of the incident beam. Each spot of the Rayleigh image corresponded to an arc of the 
reference fringes. A superimposition of the two was shown earlier in figs. (1b) and 1(c). To improve accuracy, a 
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region around the two central spots was analyzed in the present work. When the model function (equation 11) was 
fitted to the intensity distribution of the analysis region (fig 6b) velocity and temperature values were extracted.  
 
 
Fig 7. Modeled Fabry-Perot fringes on the PMT array due to (a) incident laser light; (b) Rayleigh scattered light at 
indicated velocity in m/s and a fixed T=300K; (c) Rayleigh scattered light at indicated T and a fixed U=100m/s; 
(d) Rayleigh scattered light at indicated narrow temperature range expected in the unheated jet; U fixed at 100m/s. 
 
IIa. Modelling of the linear array of PMT 
While many tens of thousands of camera pixels were used to resolve the Rayleigh and the reference 
fringes, the linear array had only 16 anodes. The large change in the optical phase  over the individual anodes of 
the linear array required an inter-element integration over the width of the sensing area w and the height of the 
sensing area, which was limited by opening h of the slit in front of the array. Equation 8 above is extended in the 
following to describe the intensity distribution on the individual anodes, i = 1, 2, … 16 due to the incident laser 
light (reference spectrum): 
Ii
Ref−mod(χc, rp, N) =  𝐼0 ∬ { 𝐼𝐹𝑃(x = 0, θi)}𝑑𝑤 𝑑ℎ
𝑤,ℎ
                                                                                    (𝟏𝟐) 
Like before the intensity distribution of the reference image is dependent on the location of the center χc, the 
fringe radius rp and the finesse N. Similarly, the Rayleigh spectrum is obtained via integration over the sensing 
area of the individual anodes: 
Ii
Ral−mod(U, T, ρ) = IR ∬ ∫ SR(x, y) IFP(x, θi) dx dw dh
∞
−∞𝑤,ℎ
                                                                          (𝟏𝟑) 
Figure 7(a) shows the expected distribution of the light intensity from a refence fringe calculated using equation 
(12) above. For the best utilization of the 16 elements, a fraction of the central fringe order was imaged on the 
linear array. The radial distance is equivalent to the diameter of the dotted ring shown earlier in fig (5a). The 
combination of a sharp fringe and the large width of the sensing area made the distribution pattern sensitive to the 
fringe radius. Figure 7(b) shows multiple plots of the Rayleigh spectra at increasing flow velocity, keeping 
temperature fixed. The velocity range is typical of M0 to M1.4 unheated flows. Normalized spectra, i.e., the 
integrated intensity =1, takes away the density dependence. The modeled spectra clearly show a decrease in the 
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fringe radius with velocity. In a fluctuating turbulent flow, the instantaneous intensity distributions are expected to 
vary as shown in this figure. The present setup is created to measure such distributions at a fast sampling rate. 
Figures 7(c) and 7(d) show variations with temperature at a fixed velocity. Fig 7(c) is for a wider range of 
800K (comparable to that of a hot engine plume), and fig 7(d) is for a narrow range seen in the present unheated 
jet. The linear array setup is expected to easily differentiate the spectral broadening from the larger temperature 
changes. On the other hand, the very small differences in the spectral shape expected from the present facility is 
not ideal to validate the capability of the setup to measure temperature fluctuations.  
III. RESULTS AND DISCUSSION 
IVa. Time-averaged measurements using the camera and the single PMT: centerline surveys of a M0.98 jet 
  Fig. 8 (a –c) shows the centerline decay of velocity, temperature and density measured in a M 0.98 jet.  
The variations are as expected in a high-speed jet. The axial component of velocity remained nearly constant until 
x/D ~ 4.5, the end of the potential core, and then fell farther downstream. The good comparison with data from a 
Pitot probe survey further validates the technique. The slight deviation is believed to be due to the error in 
positioning the large 3.5mm diameter Pitot probe at the Rayleigh probe volume in this small 10 mm diameter jet. 
The temperature and density profiles also followed the expected trends. In the present unheated jet isentropic 
expansion through the nozzle cooled the core flow at temperatures below the ambient value. Because the static 
pressure inside a subsonic jet is the same as that of the ambient, air density increased above ambient. Mixing with 
the ambient air slowed down the jet farther from the nozzle and in turn caused a rise in temperature and a fall in 
density, both of which were expected to approach the ambient condition farther downstream. The velocity data 
measured from the Pitot tube survey is used to estimate the temperature profile along the jet centerline using 
isentropic relationship and total temperature. The latter was measured in the plenum using a thermocouple. Figure 
8(b) shows a comparison between the directly measured and the isentropically estimated temperature variation. 
The difference between the measured and the estimated values is due to error in temperature measurement plus 
the departure from isentropic behavior in the jet mixing. The latter is expected to cause an increase in the local 
temperature, which is seen in the data points obtained beyond the end of the potential core.  The density profile of 
fig 8(c) is also as expected. Since density is inversely proportional to temperature, it is of higher value inside the 
potential core where temperature is lower, and progressively decreases to the ambient level farther downstream. 
 
Fig 8. Centerline profiles of (a) velocity, (b) temperature & (c) density from a nominal M 0.98 jet.  
 
IVa. Calibration and unsteady measurements using the linear array:  
The linear array was carefully aligned to the center of the fringes via a two-step procedure. At first a 
home humidifier was used to increase scattering intensity, which allowed for a visual placement of the array at the 
focus of the fringe forming lens L7. The slit in front of the array was placed to allow the image of the laser beam 
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to pass through its center. For the final alignment, the humidifier was removed, the power to PMT was turned on, 
and the photo-electron counts from the individual elements was monitored. Slight adjustment of the pitch and yaw 
angles of the mirror M1 was found to be sufficient to approximately center the Rayleigh fringe at the middle of 
the array. Pulsating light at known frequencies, generated by a light-emitting diode (LED) controlled by a signal 
generator, was used to verify the synchronization of photo-electron counts from all 16 anodes.   
 
Fig 9. (a) Measured distribution of the time-averaged output of PMT-array at indicated flow velocities in m/s 
from the jet core (b) summed up normalized counts from the inner 8 and the outer 8 anodes as function of the jet 
velocity, and the cubic fit.  
 
Figure 9 (a) shows a set of count distributions measured for a range of flow velocities. The probe volume 
was placed inside the potential core (x/D = 1.5, and centerline) and the plume Mach number was varied between 0 
(no flow) to 1 – a range for which the plume properties can be calculated via isentropic equations knowing the 
plenum and the ambient pressure and temperatures. The count distributions showed the same trend as was 
expected from the modelling of the images described earlier. Note that the inner group of anodes (no 5 through 
12) shows an increase in the counts with an increase in velocity, while every anode in the outer group (no 1 to 4, 
and 13 to 16) shows a decrease in count with velocity. The peak count level progressively increased as the air 
density increased with increasing jet velocity. Attempts will be made in the future to fit the model function (eq 
13) to extract velocity without the use of any calibration factor. For the present work, we followed a path of 
determining calibration constants from the measured distributions of at known velocity conditions. Note that the 
sum of photo-electron counts measured by all 16 anodes was fairly low. To reduce the impact of the shot noise, a 
procedure similar in essence to that used earlier by Seasholtz & Panda (2000) and Panda et al (2005) was used. 
The 16 anodes were divided into an inner group based on whether their levels increase or decrease with velocity. 
The former is the inner group (no 5 through 12), and the latter is the outer group (no 1 to 4, and 13 to 18). The 
change in the sums with velocity is shown in fig 9(b).  
 
Fig 10. Typical time variation of the Rayleigh image measured by the PMT-array, gate duration = 200micro-s, 
U=200m/s, T =278K. 
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It was found that the count variations in either group can be modeled by second order polynomials.  
𝑁𝑖𝑛 = ∑ 𝑁𝑖
𝑖=5,6…12
  𝑎𝑛𝑑, 𝑁𝑜𝑢𝑡 = ∑ 𝑁𝑖
𝑖=1..4,13..16
 
 𝑁𝑖𝑛 =  𝐴𝑖𝑛 + 𝑈𝐵𝑖𝑛 + 𝑈
2𝐶𝑖𝑛 ,   𝑁𝑜𝑢𝑡 =  𝐴𝑜𝑢𝑡 + 𝑈𝐵𝑜𝑢𝑡 + 𝑈
2𝐶𝑜𝑢𝑡                                      (𝟏𝟒) 
Where, Ain, Bin, Cin, Aout, Bout and Cout are calibration constants. The velocity component U is measured from a ratio 
of the two counts, R=Nout/Nin: 
𝑈 =  
−(𝑅𝐵𝑖𝑛 − 𝐵𝑜𝑢𝑡) + √(𝑅𝐵𝑖𝑛 − 𝐵𝑜𝑢𝑡)2 − 4(𝑅𝐴𝑖𝑛 − 𝐴𝑜𝑢𝑡)(𝑅𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡)
2(𝑅𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡)
                       (𝟏𝟓) 
Note that the ratio of two counts cancels out changes in overall scattering intensity associated with flow density 
variation. Also, the physically meaningful, positive root of the quadratic equation is considered. An important 
caveat in the above analysis is an implicit assumption that the effect of temperature fluctuations is also accounted 
for via the calibration process. Temperature broadening results in changes of light intensity in both the inner and 
outer parts of the image. By virtue of measuring a ratio of intensities between the two parts of the image, the 
process was made somewhat insensitive to temperature fluctuations. Besides, as mentioned earlier, the 
temperature variation in the unheated jet is expected to have a very small impact on the RB spectrum. 
 Once the calibration constants were established the array was ready for dynamic measurement of velocity. 
Towards that end synchronous photo-electron counting were performed from all 16 channels on a series of short-
duration contiguous gates. The time-series of photo-electron counts from each channel was corrected for pulse 
pile-up. This was followed by the removal of particle signatures. An advantage of the photo-electron counting 
over short gate-time is that the passage of the particles can be easily detected as a sharp rise in the counts. Such 
sharp peaks are replaced by an average value plus some random noise (Panda 2017, Mercier et al 2018). Typically 
counts greater than 5 times the standard deviation were considered as particle signature and were removed.  
   
Fig 11. Spectrum of velocity fluctuations at no-flow condition demonstrating the noise floor in the measurement. 
  
 
Fig 12. (a) Time history of velocity fluctuations and (b) spectrum of velocity fluctuations from M0.98 jet at 
centerline and x/D=10.  
13 
 
 
The duration time of the gates over which photo-electron counting was performed represented the 
effective sampling rate. To get a reasonable frequency resolution the gate duration needs to be short, which in turn 
leads to fewer number of photo-electron count, and an increase of the shot-noise contribution. Figure 10 shows a 
waterfall plot of the instantaneous count distributions measured in the present setup. The count distributions were 
found to vary significantly from gate to gate, indicating large contributions from shot noise. The count 
distributions from every gate was divided into an inner sum and an outer sum, and the calibration equation (15) 
was applied to extract instantaneous velocities: Uj, j = 0, 1 …2n. The individual measurement of instantaneous 
velocity is expected to have large random error. However, when such a time series is used to determine power 
spectrum, then the associated averaging process is expected to reduce the noise. Another means of reducing the 
contribution from the shot noise is to measure the fluctuations via two different set of sensors and to perform a 
cross-correlation between the two (Panda & Seasholtz 2002). Recently Mercier et al (2018) simplified the process 
and demonstrated that a single time-series of data can be used to achieve the same end. The time-series was split 
into two parts by separating every other data points; each part was Fourier transformed, followed by a calculation 
of cross-spectrum. The odd and the even no of points in this series were split to create two series: U1j and U2j (j = 
0, 1, 2, …. n-1). The average values from each of the time series were subtracted: U/1j= U1j - U̅1, U/2j= U2j - U̅2 and 
a cross spectral densityS
U1
/
U2
/  was calculated from individual Fourier transform, F
U1
/ , F
U2
/  at discrete frequency 
bands fl: 
|S
U1
/
U2
/ (fl)| =
2
n2
|F
U1
/ (l) . F
U2
/
∗ (l) |                                                                                                                         (𝟏𝟔) 
The superscript * in the above equation indicates complex conjugate. Note that the effective sampling rate is 
reduced by a factor of two because the two time-series were created by choosing alternate data points from the 
same time-series. The one-sided power-spectrum was calculated as following: 
SU/2(fl) =
S
U1
/
U2
/ (fl)
(2∆t)2
                                                                                                                                               (𝟏𝟕) 
Such power spectrum needs to be calculated over many blocks of contiguous data and averaged. An existing 
problem with the 16-channel photo-electron counting is that at most 1000 contiguous gates of data can be 
received at a time. About 200 such series was collected for each measurement stations and averaged. Fig 11 
shows the power-spectrum calculated at no flow condition, i.e. the jet flow was turned off. Direct calculation of 
the power-spectrum (without splitting the data series into two parts) is found to have very large noise floor, which 
was reduced by half by the cross-correlation based technique. Fig 12(a) shows a velocity time series measured 10 
diameters away from the nozzle exit of a nearly sonic jet. The time-averaged velocity of 189m/s is very close to 
what is expected at this measurement location, however; the random fluctuations on the instantaneous data are 
high. This is reflected in the power-spectrum of fig 12(b). Once again, the noise floor in the directly calculated 
spectra is too high to reveal any feature. When the noise floor is reduced, via the use of the cross-correlation 
process various details in the spectra becomes exposed. The spectrum is found to be dominated by peaks at 60Hz 
and 180Hz that are superimposed on a broad-band background. The peaks are due to spurious electrical noise, and 
the broad-band background is the true signal of interest. The discontinuous blocks of data obtained from the 
photon counter was insufficient to achieve satisfactory reduction of the noise floor. Various mitigating steps to 
obtain longer, continuous series of data are in progress. Past experience shows that 5M data points are needed to 
sufficiently reduce the noise floor.   
IV. SUMMARY AND CONCLUSION 
This paper addresses a long-standing deficiency of the experimental tools to measure turbulence statistics in 
velocity, temperature and density in high-speed flows. Past work on molecular Rayleigh scattering demonstrated a 
path to achieve this goal using a CW laser, and a Fabry-Perot interferometer. We are on a path to demonstrate that 
the direct imaging of scattered light from the probe volume through a Fabry-Perot, followed by imaging on a 
linear array of PMT provides a superior path to time-resolve turbulent fluctuations of velocity and temperature. 
The 16 anodes, linear-array and a newly available multi-channel photo-electron counter were added to an existing 
setup that was demonstrated to provide measurements of time-averaged velocity, temperature, density and 
spectrum of density fluctuations in a high-speed free jet (Panda & White, 2018). Analytical modeling of the light 
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distribution on the array showed good potential for resolving fluctuations of velocity and temperature. The 
experimental setup consisted of a narrow (5MHz) linewidth, CW laser passing through a high-speed jet, and the 
scattered light from gas molecules present in a 0.4mm long, and 0.15mm diameter probe volume directly imaged 
through a stabilized Fabry-Perot interferometer (FPI). A long focal length lens magnified the image of the probe-
volume and focused it on the linear array. A 16-channel discriminator-timer-counter unit was used to perform 
photo-electron counting from all 16 anodes over short (50micro-s to 200micro-s gate-width), contiguous time 
bins. A calibration procedure was used to extract instantaneous velocity from the individual distributions of the 
counts. The limited amount of data that could be collected from the multi-channel counter showed dominance by 
electronic shot noise over an underlaying broadband spectrum of velocity fluctuations. Various efforts are in 
progress to collect longer samples to reduce the shot-noise floor and a newer technique to better extract velocity 
and temperature information from the array data. 
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